We present a novel mechanism for generating a Cosmological Constant and suitably sequestering the vacuum contribution to it, so that the eponymous Cosmological Constant problem is avoided.
Introduction
About twenty years have passed since one of the most striking discoveries of modern Cosmology, namely that matter does not dominate the dynamics of the Universe, slowly braking its expansion and perhaps leading to an ensuing collapse -but instead, that the expansion is actually accelerating, thus requiring an additional source in the Einstein field equations, endowed with a negative pressure [1] .
If the acceleration is assumed to be exponential, this can be attained by resorting to a Cosmological Constant (CC), first posited by Einstein one century ago, by considering a quintessencial scalar field slow-rolling down a suitable potential [2] or an exotic equation of state such as the (generalised) Chaplygin gas [3] .
However, these lead to the eponymous problem of how to cancel out the difference of ∼ 120 orders of magnitude between the contribution Λ 0 stemming from summing the zero-point energies of massive scalar fields and the observed value Λ ∼ H 2 0 (where H 0 is the current value of the Hubble parameter) [4] . In General Relativity (GR), this requires that the 'bare' CC is extremely fine-tuned so that it almost exactly cancels out the large value of Λ 0 , leaving as a residue the observed value Λ.
Sequestering the Cosmological Constant
A recent attempt to tackle this issue suggests that the Einstein-Hilbert action is supplemented by an external term σ, together with an auxiliary (i.e. non-dynamical) scalar field λ non-minimally coupled to matter [5] ,
where κ = c 4 /(16πG), µ and Λ 1 are phenomenological parameters and χ are matter fields which couple to the 'physical' metric λ −2 g µν : the additional coupling of the matter Lagrangian density with the scalar field is of the form λ 4 to ensure that the ensuing mechanism is valid even if radiative corrections to Λ 0 are considered.
By varying the action with respect to Λ 1 and λ, we obtain
where T is the trace of the energy-momentum tensor of matter T µν . This immediately highlights one of the striking features of this model: firstly, the need for a recollapsing Universe, so that the spacetime volume is finite; secondly, the appearance of what the authors's dub as the 'cosmic' average of T , defined as
Varying the action Eq. (1) with respect to the metric and replacing the above leads to the field equations:
Strikingly, Eq. (3) shows a way to render the vacuum contribution Λ 0 irrelevant: to see this, we decompose the Lagrangian density into vacuum energy plus matter contributions, so that
Given that any constant addition to T µν is equal to its cosmic average, Λ i = Λ i (i = 0, 1), Eq. (3) reads
where the observed value of the CC, Λ = τ /(8κ), corresponds to the cosmic average of regular matter types: this novel mechanism allows for sequestering both the vacuum energy Λ 0 and the 'bare' Λ 1 contributions. Clearly, this proposal is non-local, and implies that the current phase of accelerated expansion is transient. Notice that non-locality is at the heart of some radical proposals to tackle the problem of the CC [6] .
Unimodular Gravity
With the above in mind, we now turn our attention to an earlier proposal which served as an inspiration to the sequestering mechanism discussed above: Unimodular Gravity [7] . In it, the usual formulation of GR is supplemented by the condition on the determinant of the metric √ −g = 1.
Taking this condition into account, variation of the Einstein-Hilbert action with respect to the metric no longer yields the usual Einstein field equation, but instead the traceless equation
which should be compared with Eq. (3). Using the Bianchi identities ∇ ν R = 2∇ µ R µν and assuming that the energymomentum tensor of matter is covariantly conserved, ∇ µ T µν = 0, the covariant derivative of Eq. (6) implies that (2κR + T ) ,ν = 0, so that R + T /2κ = 4Λ, with Λ an integration constant. Substituting back into the above leads to
This is the celebrated result that made unimodular gravity: the CC arises as an integration constant out of the restriction √ −g = 1 on the the allowed diffeomorphisms.
Relaxed non-minimal coupling between curvature and matter
We now consider a model with a generalised non-minimal coupling (NMC) between curvature and matter [8] , of the form
This encompasses so-called f (R) theories, one of the outstanding proposals of the so-called 'dark gravity' [9] ; the additional NMC leads to further phenomenological implications such as the mimicking of cluster and galactic dark matter [10] , dark energy [11] and the CC [12] (see Ref. [13] for a thorough review). It should be noted that by enhancing the gravitational field created by matter, this model can account for the Tully-Fisher law [8, 10] and shares some features with the recent proposal of emergent gravity [14] . Variation with respect to the metric leads to the field equations:
With the contracted Bianchi identities one can show that the energy-momentum tensor of matter is no longer covariantly conserved:
a central feature of the model [8, 15] . By performing a conformal transformation, the model above translates into the equivalent action,
with a physical metric g µν /ψ coupling to matter fields χ [16] . Variation of the action with respect to the two scalar fields yields the dynamical identification
While φ acts as an auxiliary field with no kinetic term, the scalar field ψ embodies an additional scalar degree of freedom, as found in f (R) theories [17] . As firstly explored in Refs. [11] , the so-called relaxed regime
naturally arises out of a dynamical system formulation of the above system of differential equations [18] , and can be interpreted as an asymptotic regime for this dynamical scalar field. The r.h.s. can be set to any constant value through a suitable conformal transformation: we adopt the choice φ = 1 as it is satisfied by GR, where f 
which is strikingly similar to Eq. (6). Thus, by assuming a relaxed NMC we obtain a generalisation of Unimodular gravity, without the stringent requirement √ −g = 1.
Following the same reasoning as in the previous section, we apply the covariant derivative to the above field equation and use the non-conservation law (10) to obtain the conserved quantity Λ 1 ,
Naturally, the underlying NMC model (8) leads to a more convoluted expression than the usual identification R = −T /2κ. However, if we decompose the r.h.s into vacuum energy plus matter contributions (the latter derived from a Lagrangian density L M ),
then Eq. (15) becomes
and a partial sequester of the vacuum term directly ensues. The field Eqs. (14) can then be recast as
In the absence of matter, L M = τ µν = 0, Eq. (17) implies that the curvature is constant and identified with the observed value for the CC, R = 4Λ, with
Notice that the NMC is evaluated at the relevant cosmological curvature scale, as explicitly indicated.
Conclusions
In the minimally coupled limit of GR, f 2 (R) = 1, the CC problem remains: Λ 1 must be fine tuned to ∼ 120 orders of magnitude to compensate the large vacuum contribution Λ 0 . However, the NMC model under scrutiny allows for a partial or full sequester of the latter, with two obvious limiting scenarios: a very small integration constant,
or a feeble NMC,
This can be realised by adopting the form f 2 (R) = [1 − R/(4Λ)] 2 , which satisfies the relaxed condition (13) while keeping the usual curvature term f 1 (R) = R.
We can thus conclude that the described mechanism further boosts the belief that a NMC might be an essential element of an effective model arising from a fundamental quantum gravity theory, given that the model (8) is compatible with many inflationary models [19] and hence somewhat more robust than emergent gravity while exhibiting some common features (see e.g. Ref. [20] for an example of an observational signature).
